ABSTRACT . Cultured explants from early postnatal mouse cerebellum were used to examine the influence of a 43-kDa glia-derived neurite-promoting factor (GdNPF) on the migration of [3H]thymidine-labeled granule cell neurons.
tiation that leads to a functioning neuronal network. It has been suggested that, in some brain regions, postmitotic neurons are guided in their migration by specific interactions with the radial processes of primitive glial cells (1) . The molecular meclanisms underlying neuronal migration have remained largely obscure, but they are thought to depend upon the availability of cell surface molecules that promote adhesion (2) . However, adhesion is predominantly a static phenomenon, and it is unlikely that this alone can explain the dynamic process of cell migration. De-adhesiori appears to be an equally important step in the translocation of neuronal cell bodies and in the movement of the growth cone filopodia. In many developmental systems, an increase in cell-associated proteolytic activity can be attributed to migrating cells (3) (4) (5) (6) . In the nervous system, an increase in plasminogen activator activity associated with cerebellar cells in vitro has been observed at the time of the migration of granule cells during cerebellar deyelopment (7) . Such proteolytic activity could contribute to de-adhesion phenomena. The present study was instigated by the finding that a 43-kDa glia-derived neuritepromoting factor (GdNPF), recently purified from medium conditioned by rat glioma cells, is a potent inhibitor of serine proteases (8) . We therefore examined the effect ofGdNPF on cell migration in the early postnatal molise cerebellar cortex, using an explant culture system, originally established by Moonen et al. (9) and modified by Lindner et al. (2) . Here we present evidence that GdNPF does indeed reduce the extent of granule cell migration. However, several other serine protease inhibitors do not show this effect, suggesting that protease inhibition is by itself insufficient to account for the GdNPF effect on neuronal cell migration.
MATERIALS AND METHODS Materials. Aprotinin was from Boehringer Mannheim; hirudin, soybean trypsin inhibitor, leupeptin, and 6-aminocaproic acid were from Sigma; [3H]thymidine was from Amersham, and D-Phe-Pro-ArgCH2Cl was a gift from E. Shaw (Friedrich Miescher Institut, Basel, Switzerland). All other reagents were analytical grade.
Cell Culture/Histological and Autoradiographic Procedures. The organotypic culture of cerebellar folium explants from 10-day-old C57BL/6J mice, labeling of neurons with [3H]thymidine, and histological and autoradiographic procedures have been described in detail previously (2) . In brief, pieces of folia dissected from the cerebellar cortex were labeled in vitro with [3H]thymidine (6.7 Ci/mmol; 1 Ci = 37 GBq) at 1 ,Ci/ml for 90 min in serum-free defined culture medium. The explants were then washed thoroughly with the defined medium and five to seven pieces were maintained for 3 days in 3 ml of serum-free medium without or with addition ofthe indicated amounts of serine protease inhibitors. Frozen sections in sagittal orientation were cut from these explants, fixed, dried, and prepared for autoradiography as described previously (2) . Image analysis was used to evaluate the autoradiograms (10) .
Image Analysis. The positional distribution of labeled cells was determined by automatic image analysis. Microscopic images of autoradiograms of unstained sections were recorded with a video camera in such a way that the long axis of the image was at right angle to the pial surface. The dimensions of the video images were 183 ,um x 275 Am (width x length).
Images were recorded only when the outline of the external granular layer was a straight line over the entire width of the image. Images were digitalized with 6 bits per pixel and a pixel spacing of 0.71 ,um (Quantimet 720, Cambridge Instruments), fed into a PDP 11/34 computer (Digital Equipment), and stored on magnetic tape. Images were analyzed with the PDP 11/34 computer. Labeled cells were recognized by means of their optical density, using a locally adoptive thresholding algorithm (11) . The width of the external granular and molecular layers was measured in adjacent hematoxylin/eosin-stained sections to correlate the cortical layers with the histogram. For quantitative comparison of the distribution patterns of labeled cells under various experimental situations, the mean value (,um from pial surface) of every histogram was calculated and designated as migratory index (MI). The mean migratory distance (MD) was calculated by subtracting the MI value for the distribution pattern immediately after the 90-min pulse labeling from the MI value Abbreviations: GdNPF, glia-derived neurite-promoting factor; N-CAM, neural cell adhesion molecule. ITo whom reprint requests should be addressed.
4568
The publication costs of this article were de ayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. determined after 3 days in vitro. Inhibition of cell migration was calculated as follows:
For each experimental value at least four independent experiments were carried out, except for the tripeptide and hirudin, for which only two experiments were performed. For each experimental value 15 images with a total of 1200-1500 cells were recorded. GdNPF. GdNPF was purified from serum-free glioma conditioned medium as recently described (8) . Briefly, GdNPF from 20 liters of serum-free rat glioma conditioned medium was adsorbed batchwise on heparin-Sepharose, eluted with 0.8 M NaCl in 50 mM Tris HCl, pH 8.0, and loaded on Affi-Gel blue (Bio-Rad), from which it can be eluted with the same buffer containing 1.5 M NaCl. This two-step procedure yields a pure 43-kDa protein that has both neurite-promoting and protease-inhibitory activity (8 
RESULTS
In the presence of GdNPF, the migration of [3H]thymidinelabeled granule cells was inhibited in cerebellar folium explants in vitro (Fig. 1) . Quantitative image analysis showed that, after 3 days in the presence of a maximally effective dose of GdNPF, there is a 1.5-fold increase in the number of [3H]thymidinelabeled cells remaining in the external granular layer (Fig. 2) . Compared to control, twice as many labeled cells were still found in the molecular layer, and about 39% less cells reached the internal granular layer upon incubation with GdNPF. In the presence of GdNPF, granule cells did not penetrate as deeply into the internal granular layer as under control conditions.
Computerized estimation of the neuronal migration indicated that the inhibitory effect of GdNPF is dose dependent, with an IC50 of about 2 nM and maximal values approaching 50% (Fig. 3) . This inhibition was not due to a toxic effect of GdNPF, since propidium iodide staining did not show any significant cell death compared to control values. In addition, estimation of the total number of thymidine-labeled cells indicated that GdNPF did not interfere with mitotic activity. Incubation of the explants with GdNPF 16 hr prior to the [3H]thymidine labeling altered neither the total number of labeled cells nor the extent of the inhibitory effect on migration (data not shown). Moreover, asjudged by immunocytochemical staining, GdNPF did not affect the expression of the cell adhesion molecule Li or of glial fibrillary acidic protein, an astrocyte-specific marker, indicating that GdNPF does not cause detectable alterations in the cytoarchitecture of the explant.
Previous studies have shown that the neurite-promoting activity of GdNPF can be fully antagonized by thrombin at 5 ng/ml (12) . Addition of 5 milliunits (12.8 ng) of thrombin per ml did not alter the pattern of migration in control cultures but suppressed the inhibitory effect of GdNPF. Since GdNPF is a potent thrombin inhibitor (8), these results strongly support the specificity of the GdNPF effect on granule cell migration. 6-aminocaproic acid, and D-Phe-Pro-ArgCH2Cl are specific for different serine proteases. Each was tested at a concentration known to elicit its full inhibitory effect, but none interfered with migration of granule cells ( Table 1) .
As described earlier, Fab fragments of antibodies against the neural cell adhesion molecules Li and N-CAM are inhibitory to granule cell migration (2) . In experiments performed in this study, these Fab fragments were added instead of GdNPF after the [3H]thymidine pulse labeling and used at 1 mg/ml. They produced a maximal inhibition of migration (33% and 14%, respectively) consistently lower than that elicited by GdNPF. Addition ofthese Fab fragments at a concentration of 1 mg/ml together with the optimal amount of GdNPF (0.17 ug/ml) did not lead to an inhibition exceeding the 50% value obtained by GdNPF alone (not shown).
DISCUSSION
The results presented here clearly demonstrate that a purified glia-derived protein, GdNPF, potently inhibits the migration of postmitotic granule neurons in the developing cerebellar cortex in vitro. It is the largest inhibitory effect so far observed in this experimental system. However, it is not clear why the inhibition never exceeds values around 50%. It could mean that GdNPF causes a reduction of the speed of migration of all cells involved or that multiple populations of Table 1 The finding that the effects of GdNPF, anti-Li, and anti-N-CAM Fabs are not additive indicates that all these molecules are involved in the same complex cascade of biochemical events underlying cell migration. Each of these molecules could be rate limiting at one stage of the migration and less important at another. Neutralization of Li or N-CAM antigen could obviate the need for GdNPF. Conversely, the presence of GdNPF could impair N-CAMdependent events.
Despite the fact that the anti-Li Fab fragments rapidly penetrate the explant when used at 1 mg/ml (2), it is still possible that the rate of GdNPF diffusion through the explant could provide another explanation for a partial inhibition, since, in such a case, not all granule cells would be affected by GdNPF. Considering the increased proteolytic activity associated with migrating cells (3-7), we expected that the protease inhibitor nature of GdNPF would be sufficient to explain its effect on the migration ofgranule neurons. It is surprising and striking that several other serine protease inhibitors are unable to interfere with the granule cell migration measured in these experiments. For example, hirudin (13) and D-PhePro-ArgCH2Cl (14) promote neurite outgrowth at the same concentration (0.05 nM) as GdNPF in neuroblastoma cells (12, 15) . D-Phe-Pro-ArgCH2Cl is an inhibitor with high potency (Kd around 1 nM) for thrombin or thrombin-like activity (14) . At If the inhibition of plasminogen activator and of thrombinlike activity does not interfere with granule cell migration, one cannot exclude that GdNPF acts through the inhibition of another, unknown protease associated with the neuronal membrane. However, our data could also indicate that GdNPF acts on neuronal cell migration by an additional or a different mechanism. For example, GdNPF, like laminin, binds to heparin (8, 16) . The heparin-binding domain of laminin is responsible for its effects on neurite outgrowth and on neuronal survival (17) . Fibronectin, another component of the extracellular matrix, is considered to play an important role in the migration of neural crest cells (18) . Hence GdNPF, complexed or not to a cell-associated protease, may interfere with the migrating cell by modifying its interactions with components of the extracellular matrix.
Epigenetic phenomena are of considerable importance in the development of the nervous system. The results presented here demonstrate that a protein released by glial cells is able to modulate the migration of neuroblasts. Through this ability to influence the final location of the neuroblast, glial cells may play a key role in neuronal differentiation and connectivity.
